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abstract
 
Previously, we demonstrated that ADP inhibits cystic ﬁbrosis transmembrane conductance regulator
(CFTR) opening by competing with ATP for a binding site presumably in the COOH-terminal nucleotide binding
domain (NBD2). We also found that the open time of the channel is shortened in the presence of ADP. To further
study this effect of ADP on the open state, we have used two CFTR mutants (D1370N and E1371S); both have
longer open times because of impaired ATP hydrolysis at NBD2. Single-channel kinetic analysis of 
 
 
 
R/D1370N-
CFTR shows unequivocally that the open time of this mutant channel is decreased by ADP. 
 
 
 
R/E1371S-CFTR
channels can be locked open by millimolar ATP with a time constant of 
 
 
 
100 s, estimated from current relaxation
upon nucleotide removal. ADP induces a shorter locked-open state, suggesting that binding of ADP at a second
site decreases the locked-open time. To test the functional consequence of the occupancy of this second nucleotide
binding site, we changed the [ATP] and performed similar relaxation analysis for E1371S-CFTR channels. Two
locked-open time constants can be discerned and the relative distribution of each component is altered by
changing [ATP] so that increasing [ATP] shifts the relative distribution to the longer locked-open state. Single-
channel kinetic analysis for 
 
 
 
R/E1371S-CFTR conﬁrms an [ATP]-dependent shift of the distribution of two
locked-open time constants. These results support the idea that occupancy of a second ATP binding site stabilizes
the locked-open state. This binding site likely resides in the NH
 
2
 
-terminal nucleotide binding domain (NBD1)
because introducing the K464A mutation, which decreases ATP binding afﬁnity at NBD1, into E1371S-CFTR
shortens the relaxation time constant. These results suggest that the binding energy of nucleotide at NBD1
contributes to the overall energetics of the open channel conformation.
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INTRODUCTION
 
The cystic ﬁbrosis transmembrane conductance regulator
(CFTR) is a chloride channel that belongs to the
ATP-binding cassette (ABC) transporter family. PKA-
dependent phosphorylation of CFTR is a prerequisite
for the opening and closing (gating) of the channel by
ATP binding/hydrolysis (for review see Gadsby and
Nairn, 1999). CFTR contains two nucleotide binding
domains (NBD1 and NBD2) with consensus sequences
for ATP binding and/or hydrolysis. Not surprisingly,
these two domains have been proposed to be the sites
upon which ATP acts to open and close the channel
gate. However, the detailed molecular mechanism of
ATP-dependent gating is unclear.
Recently the crystal structures of several NBDs from
different prokaryocyte members of the ABC family
have been solved (Hung et al., 1998; Diederichs et al.,
2000; Gaudet and Wiley, 2001; Karpowich et al., 2001;
Yuan et al., 2001; Smith et al., 2002; Schmitt et al.,
2003; Verdon et al., 2003). There is growing evidence
that the NBDs form a dimeric structure with the two
ATP-binding sites buried in the dimer interface (Smith
et al., 2002; Chen et al., 2003). Hopfner et al. (2000)
suggested that ATP binding drives the NBD dimer-
ization of the distantly related DNA repair protein
Rad50, based on biochemical and structural data. This
ATP-driven dimerization of the NBDs was conﬁrmed
in bacterial ABC transporters by Moody et al. (2002).
They showed that MJ0796 and MJ1267, two bacterial
ABC transporters’ NBDs, can form homodimers in
the presence of ATP, when hydrolysis was prevented
through the mutation of the Walker B glutamate.
Moreover, neither ADP nor AMP-PNP promoted stable
dimerization, suggesting that a hydrolyzable gamma
phosphate is required for a stable dimer formation.
Since dimers were not observed in wild-type (WT)
NBDs in the presence of ATP, it was speculated that the
free energy from ATP hydrolysis results in dissociation
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of the WT dimer (Moody et al., 2002; Smith et al.,
2002).
Lewis et al. (2004) crystallized the NBD1 from mouse
CFTR, and found that the structure is very similar to
that of NBDs from bacterial ABC transporters, in spite
of limited sequence identity. It is interesting to note
that puriﬁed NBD1 of the mouse CFTR does not hydro-
lyze ATP presumably because of a lack of Walker B
glutamate at NBD1 (Lewis et al., 2004). Although it
is unknown whether CFTR’s two NBDs form a het-
erodimer, it has been hypothesized that ATP binding
at both NBDs drives the dimerization reaction, which
leads to channel opening, and that ATP hydrolysis at
NBD2 breaks the dimer and consequently closes the
channel (Vergani et al., 2003).
Several models have been proposed in the past to ex-
plain the gating mechanism of CFTR channels. Al-
though the detailed mechanism of CFTR gating by its
two NBDs remains controversial, there is some agree-
ment regarding how ATP binding at the NBDs leads to
opening and closing of the channel. Since the muta-
tion of the Walker A lysine K1250 in NBD2, which
abolishes hydrolysis, results in channels with pro-
longed burst durations, it was proposed that hydrolysis
at NBD2 leads to channel closing (Carson et al., 1995;
Gunderson and Kopito, 1995; Zeltwanger et al., 1999;
cf. Aleksandrov and Riordan, 1998; Aleksandrov et al.,
2000). However, the mechanism for channel opening
remains unsettled. Previous studies suggested that ATP
hydrolysis at NBD1 was involved in the opening of the
channel since mutations of the Walker A lysine at
NBD1 (e.g., K464A) decrease the channel opening
rate (Carson et al., 1995; Gunderson and Kopito, 1995;
cf. Zeltwanger et al., 1999). However, Powe et al. (2002)
reexamined the gating kinetics of K464A mutant
CFTR and found little difference in the opening rate
between this mutant and WT-CFTR. In addition, bio-
chemical studies demonstrate an occlusion of ATP in
NBD1 (Szabo et al., 1999; Basso et al., 2003), suggest-
ing that association–dissociation of ATP from NBD1 is
too slow to account for the opening and closing transi-
tions observed in electrophysiological experiments. It
is therefore unclear what role NBD1 is playing in
CFTR gating.
A clue to the role of NBD1 was the ﬁnding by Vergani
et al. (2003) of a rightward shift of the ATP dose re-
sponse when either one of the two Walker A lysines
(K464 or K1250) is altered to alanine. A similar obser-
vation was made for the mutation at the Walker B as-
partate at NBD2 (D1370). Based on these observations,
they proposed a model for CFTR gating in which ATP
binding at both NBDs is a requirement for channel
opening, and hydrolysis at NBD2 leads to channel clos-
ing (i.e., Scheme 2 in the accompanying paper). This
latest gating scheme can explain the competitive inhi-
bition of ADP for channel opening. However, it is not
immediately clear how the model would explain a de-
crease of channel opening time by ADP (see accompa-
nying paper for details).
To study in more detail the effect of nucleotide
binding on the open time of CFTR, we used both mac-
roscopic current relaxation and single-channel kinetic
analysis for CFTR mutants with impaired ATP hydroly-
sis: speciﬁcally, the D1370N and E1371S mutations in
NBD2. The D1370 residue coordinates Mg
 
2
 
 
 
, a cofac-
tor for ATP hydrolysis. Mutation of this aspartate to as-
paragine (D1370N) results in channels that exhibit
longer open and closed times (Gunderson and Ko-
pito, 1995; Vergani et al., 2003), resembling the elu-
sive “slow gating” mode described in our previous
paper (Bompadre et al., 2005). The E1371 residue
serves as a catalytic base for ATP hydrolysis. Muta-
tion of this glutamate to serine produces a channel
(E1371S) that presents long “locked-open” times
(Aleksandrov et al., 2000; Vergani et al., 2003). These
hydrolysis-impaired mutations were also studied in the
 
 
 
R background, which allows single-channel kinetic
analysis in the absence of dephosphorylation-induced
rundown of channel activity.
Single-channel dwell-time analysis of 
 
 
 
R/D1370N-
CFTR channels shows unequivocally that the open time
of the channel is decreased in the presence of ADP. Re-
laxation analysis of macroscopic 
 
 
 
R/E1371S-CFTR cur-
rents upon nucleotide removal shows two different re-
laxation time constants in the presence of ADP and
ATP, indicating that ADP induces a different locked-
open state. Moreover, studies of 
 
 
 
R/E1371S-CFTR
open time in patches containing a single channel at
three different ATP concentrations show a change of
the relative frequency of the different open times, sug-
gesting the presence of an ATP-binding site, occupancy
of which affects the stability of the open state. Similar
results were obtained in E1371S mutants constructed in
the WT background. Kinetic and structural implica-
tions of our results are discussed.
 
MATERIALS AND METHODS
 
Construction of CFTR Mutants
 
CFTR mutations E1371S and D1370N were introduced into the
plasmid pBQ4.7 WT-CFTR (Powe et al., 2002) by using the
QuikChange kit (Stratagene). The 0.9-kb PﬂMI-XhoI fragments
containing the mutations from the pBQ4.7 were used to substi-
tute the corresponding regions in pBudCE4.1 split 
 
 
 
R CFTR (Ai
et al., 2004) to obtain pBudCE4.1 
 
 
 
R/D1370N and pBudCE4.1
 
 
 
R/E1371S CFTR. Similarly, the 0.9-kb PﬂMI-EcoRV fragments
were used to replace the corresponding ones in pcDNA 3.1 WT-
CFTR or pcDNA 3.1 K464A-CFTR (Powe et al., 2002) to generate
pcDNA3.1 D1370N, pcDNA 3.1 E1371S, and pcDNA3.1 K464A/
E1371S CFTR constructs. All constructs were sequenced to
ensure the presence of mutations (DNA core, University of
Missouri). 
379
 
Bompadre et al.
 
Cell Culture and Transient Expression of CFTR
 
Chinese hamster ovary (CHO) cells were grown and transfected
with the above-mentioned CFTR mutants as previously described
(Bompadre et al., 2005).
 
Reagents
 
Mg-ATP purchased from Sigma-Aldrich, was stored in water at
 
 
 
20
 
 
 
C. PKA was purchased from Promega. ADP was purchased
from Calbiochem and stored in water at 
 
 
 
20
 
 
 
C.
 
Single-channel Experiments
 
Single-channel experiments were as described in Bompadre et al.
(2005).
 
Data Analysis
 
Single-channel dwell-time analysis is described in Bompadre et
al. (2005). Fitting of the time course of current relaxation upon
removal of nucleotides with single or double exponentials was
performed with Igor. For dwell-time analysis of 
 
 
 
R/E1371S-
CFTR data, we pooled the current records obtained from several
patches containing only one channel. No cutoff was used for the
construction of the closed time histograms and therefore the his-
togram is constrained by the bandwidth of the recording. The
open time histograms were reconstructed by setting a cutoff time
of 500 ms to exclude the ATP-independent closings (see 
 
results
 
for details). The resulting open time histograms show at least two
locked-open states (see Fig. 6). To quantify the kinetic parame-
ters within the locked-open events, we used 50 s as a cutoff to sep-
arate short-lived and long-lived locked-open events. Least square
estimation with sums of exponential components was performed
to obtain open and closed time constants. Events shorter than
dead times were excluded from the ﬁtting.
Kinetics of spontaneous openings in the absence of ATP was
assessed manually with Igor. Since the spontaneous opening
rate is extremely low, only single-channel openings were seen,
even though most of the patches contained multiple channels.
Therefore, the measured open times are fairly accurate. Since
the number of events was very small, the lengths of the open-
ings measured in different patches were pooled together and a
survivor plot was constructed as in Zeltwanger et al. (1999). The
data was ﬁtted with an exponential function using Igor. To cal-
culate the opening rate, the closed time before each opening
was also measured manually using Igor, and the average open-
ing rate (reciprocal of the averaged closed time) was calculated.
Then, to calculate the spontaneous opening rate per channel,
we divided the calculated opening rate by the number of chan-
nels in the patch.
 
Online Supplemental Material
 
The online supplemental material for this paper consists of
one ﬁgure (available at http://www.jgp.org/cgi/content/full/
jgp.200409228/DC1). Fig. S1 shows the ATP dose response for
the D1370N mutant.
 
RESULTS
 
Effect of ADP on 
 
 
 
R/D1370N-CFTR
 
In the accompanying paper (Bompadre et al., 2005),
we demonstrated that ADP can shorten the open time
of 
 
 
 
R-CFTR and this effect is more prominent when
the channel is in the slow gating mode with longer
Figure 1. ADP shortens the open time of  R/D1370N-CFTR channels. (A) Single-channel current traces in the presence of 1 mM ATP,
1 mM ATP   1 mM ADP, or 1 mM ATP again. (B) Effects of ADP on the mean open and closed times. Notice that ADP shortens the mean
open time and increases the mean closed time (n   5). Error bars represent SEM. * indicates P   0.01. 
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open times. Since the D1370N mutants exhibit open
and closed times on the order of seconds (i.e., they
mimic the slow gating mode described in Bompadre et
al., 2005), we decided to use this mutant to further
study the effect of ADP on the open time. Vergani et al.
(2003) found that the ATP dose response for the
D1370N mutant shifted to the right compared with that
of WT channel. We ﬁrst examined the ATP dose–
response relationship for this mutant in the WT back-
ground, and found little difference with the ATP dose
response for WT channels (Fig. S1, available at http://
www.jgp.org/cgi/content/full/jgp.200409228/DC1).
To study the effect of ADP on single-channel kinet-
ics, we introduced the D1370N mutation into the 
 
 
 
R-
CFTR background because 
 
 
 
R-CFTR is insensitive
to dephosphorylation-induced rundown, and we can
more easily obtain patches with fewer channels for ki-
netic analysis (Bompadre et al., 2005). In excised in-
side-out patches, 
 
 
 
R/D1370N-CFTR channels were
opened with 1 mM ATP, and subsequent application
of 1 mM ATP plus 1 mM ADP inhibited the currents
by an average of 63 
 
 
 
 5% (
 
n
 
 
 
 
 
 5). Bracketing ADP ex-
periments with 1 mM ATP controls ensured us that lit-
tle rundown was present (Fig. 1 A). Kinetic analysis
for patches containing up to four channels was per-
formed as described (see 
 
materials and methods
 
).
As expected, the mean closed time increases from
1387 
 
 
 
 201 ms to 3383 
 
 
 
 645 ms in the presence of
ADP. In all ﬁve patches, the open time constant is de-
creased signiﬁcantly (P 
 
 
 
 0.01). This decrease of the
open time is readily apparent for patches containing
only one channel as shown in Fig. 1 A. The average
decrease of the open time constant was 43 
 
 
 
 11%,
from 976 
 
 
 
 126 to 558 
 
 
 
 84 ms (Fig. 1 B). These re-
sults conﬁrm that ADP does indeed shorten the chan-
nel open time. Although we speculate that this de-
crease of the open time is caused by the presence of
another open state when ADP, not ATP, is bound (see
 
discussion
 
 for details), the model used (Scheme 1 in
Bompadre et al., 2005) for data analysis does not allow
us to separate two different open states. Furthermore,
the open time constant for D1370N-CFTR may still
be too short for isolating the putative ADP-bound
open state. We therefore constructed another mutant,
E1371S, which has an open time on the order of tens
or hundreds of seconds because the ATP hydrolysis is
abolished at NBD2 (Aleksandrov et al., 2000; Vergani
et al., 2003).
Figure 2. Macroscopic current relaxation for  R/E1371S-CFTR channels in the presence of ATP and ADP. (A) A sample trace of
current relaxations for  R/E1371S-CFTR channels opened with 1 mM ATP, and subsequently with 1 mM ATP   2 mM ADP. (B) The
current decay upon removal of ATP can be ﬁtted with a single exponential function with a time constant of 100.00   0.02 s. (C) The cur-
rent decay upon removal of ATP plus ADP is ﬁtted with a double exponential function with time constants of 12.9   0.1 and 105   3 s. 
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ADP Effect on 
 
 
 
R/E1371S Mutant
 
We ﬁrst introduced the E1371S mutation into the 
 
 
 
R
background in order to study the behavior of this chan-
nel in the presence or absence of ADP without having
to worry about the possible effect of dephosphorylation
on the channel open time. Fig. 2 A shows a representa-
tive experiment in an excised inside-out patch. In the
presence of 1 mM ATP, the steady-state macroscopic
current shows very fast ﬂuctuations resulting from brief
ﬂickery closures. But, the overall ﬂuctuation is fairly
small relative to the macroscopic mean current ampli-
tude, indicating that the 
 
Po
 
 is close to unity (also see be-
low). When the nucleotide was washed out, one can fol-
low the slow closing of each channel (in this case, the
number of steps is 10).
Once all channels are closed, subsequent application
of 1 mM ATP plus 2 mM ADP elicits a smaller current
with clearly different current ﬂuctuations. Unlike the
trace in the presence of ATP alone, all 10 channels sel-
dom open at the same time. Compared with the relax-
ation time course with ATP alone, the current relax-
ation of 
 
 
 
R/E1371S-CFTR channels opened by ATP
plus ADP is faster. We pooled relaxations from 47 dif-
ferent patches with channels opened by 1 mM ATP to
generate an ensemble macroscopic current. The relax-
ation time course can be ﬁtted with a single exponen-
tial function with a relaxation time constant (represent-
ing the locked open time) of 100.00 
 
 
 
 0.02 s (Fig. 2 B).
We cannot rule out the possibility of a better ﬁt with a
higher order of exponential function since the ﬁtted
curve does not cover well the very beginning of the cur-
rent decay. Similar relaxation analysis done on the en-
semble current from 17 different patches exposed to
ATP plus ADP shows a double exponential decay with
relaxation time constants of 12.9 
 
 
 
 0.1 (46%) and
105 
 
 
 
 3 s (54%) (Fig. 2 C). It should be noted that the
longer time constant is similar to the one obtained for
the current relaxation upon removal of 1 mM ATP.
These data can be explained if ADP induces another
locked-open state with a shorter time constant. This re-
sult constitutes the ﬁrst piece of evidence that two dif-
ferent locked-open states are present in the presence
of ATP and ADP. The presence of two populations of
channels, one with a very long locked-open time and
Figure 3. Macroscopic current
relaxation for  R/E1371S-CFTR
opened with 10  M ATP.  R/
E1371S-CFTR channels were ac-
tivated with 10  M ATP until the
current reached a steady state.
Then the nucleotide was washed
out. (A) Sample trace. (B) En-
semble currents were generated
by pooling data from 22 experi-
ments. The insets show the ﬁrst
two components of the current
relaxation. The dash line repre-
sents current relaxation of  R/
E1371S-CFTR upon removal of
1 mM ATP (from Fig. 2 B). 
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one with a shorter one, suggests that for some channels
ATP has been replaced by ADP at a nucleotide binding
site, yielding a less stable locked-open state. Since bind-
ing of ADP at one nucleotide binding site competitively
prevents ATP from opening the channel (shown in the
accompanying paper), this effect of ADP on the locked-
open time likely reﬂects competitive binding of ADP at
a different binding site.
 
ATP Concentration Dependence of 
 
 
 
R/E1371S 
Current Relaxation
 
Our experiments with ADP suggest the presence of a
nucleotide binding site, occupancy of which by ATP or
ADP can affect the stability of the locked-open state.
Based on this idea, one will predict that lowering [ATP]
alone could affect the probability of occupancy of this
binding site that affects the channel’s locked-open
time. If ADP, instead of ATP, binding at this site affects
the relaxation, a lack of ATP binding (i.e., unoccupied
binding site) may also affect the locked-open time
constant. We thus performed similar relaxation experi-
ments using a lower ATP concentration.
Fig. 3 A shows a representative relaxation experi-
ments for 
 
 
 
R/E1371S-CFTR channels opened with 10
 
 
 
M ATP. Like the macroscopic current in the presence
of ATP plus ADP, the macroscopic current induced by
10 
 
 
 
M ATP exhibits much larger ﬂuctuations. Upon
nucleotide removal, the current decay is fast at ﬁrst and
then becomes slower, indicating the presence of multi-
ple exponential components reﬂecting different popu-
lations of locked-open states. Ensemble current was
generated by pooling data from 22 different patches
(Fig. 3 B). The relaxation curve shows a very fast com-
ponent at the beginning of the washout (Fig. 3 B, in-
set), then the major relaxation takes place within the
ﬁrst 30 s (a time much shorter than the relaxation time
constant for 1 mM ATP), and a ﬁnal tail that can last
for several minutes The current relaxation at 1 mM
Figure 4. Single-channel recording of  R/E1371S-CFTR in the presence of 1  M ATP. A continuous, 54-min single-channel trace in the
presence of 1 mM ATP. Note that the channel is open most of the time. The Po is almost 1. 
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ATP (from Fig. 2 B) is plotted for comparison (Fig. 3 B,
dash line). Unfortunately our solution change is not
fast enough to resolve well the fastest component, and
the longest component apparently only takes a minor
fraction of the total current decay, thus we cannot do a
multiple exponential ﬁt to the relaxation time course.
Nevertheless, since the relaxation experiments were
performed by completely removing ATP, the channels,
once opened by ATP, can only close without the possi-
bility of reopening by ATP again. Three different relax-
ation time courses must reﬂect three different ATP-
induced open states. Even without quantitative curve
ﬁtting, a faster current decay upon removal of 10 
 
 
 
M
ATP, compared with that with 1 mM ATP, corroborate
with the idea of the presence of an ATP binding site,
occupancy of which stabilizes the locked-open state.
 
Single-channel Analysis of 
 
 
 
R/ E1371S Mutant
 
Fig. 4 shows a continuous recording of a single 
 
 
 
R/
E1371S mutant channel in the presence of 1 mM ATP
that lasts for 
 
 
 
50 min. It is apparent that the channel re-
mains locked open for minutes, with a 
 
Po
 
 close to unity.
Close inspection of the recording reveals that, like WT-
CFTR, this mutant channel occasionally sojourns into
various subconductance states (Tao et al., 1996; Wang et
al., 1998). While most of the closings represent ﬂickery
closures, some closed events last for hundreds of milli-
seconds to seconds. Some of these long-lasting closures
likely represent ATP-dependent closed time (
 
 
 
c
 
 
 
 
 
 
 
 
 
500
ms for 
 
 
 
R-CFTR at 1 mM ATP; Bompadre et al., 2005).
The same experiment was done with a single channel
in the presence of 10 
 
 
 
M ATP, and the result is remark-
Figure 5. Single-channel recording of  R/E1371S-CFTR in the presence of 10  M ATP. (A) A continuous 45-min single-channel trace
in the presence of 10  M ATP. Note that the channel remains closed for long periods, and presents opening bursts of different lengths.
(B) Expanded traces of selected parts of the trace in A. Note the presence of very brief openings (*), and intermediate locked-open events
(**), and rarely occurring long locked-open events (***). 
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ably different (Fig. 5). Closed events that last for several
seconds can be easily discerned by eye. These long
closed events are expected because of a lower opening
rate of the channel at low [ATP] (
 
 
 
c    3.7 s for  R-
CFTR at 10  M ATP; Bompadre et al., 2005). These
long closed events also allow us to clearly distinguish
opening bursts of different lengths. Consistent with the
macroscopic relaxation (Fig. 3), at least three different
opening bursts can be distinguished by eye inspection.
There are many brief openings that last for tens or hun-
dreds of milliseconds (marked *). One rarely sees an
extremely long opening burst lasting for several min-
utes (marked ***). Most of the opening bursts are on
the order of a few seconds (marked **; Fig. 5 B).
We pooled data from two recordings ( 50 min long
each) at 10  M ATP concentration and analyzed the
single-channel dwell time distributions. The closed
time histogram shows the presence of four compo-
nents: a brief closing (ﬂickers), a slightly longer closed
event ( 110 ms), and two longer closed time constants
of 910 ms and 7.5 s (Fig. 6 A). We also analyzed one
long recording ( 80 min) of  R/E1371S-CFTR at 3
 M ATP (Fig. 6 B). Compared with the histogram in
Fig. 6 A, this closed time distribution shows major dif-
ferences in those long closed events. One can even ob-
serve events that last  100 s. This wide distribution of
closed time over four orders of magnitude in length
further supports the presence of multiple closed states.
We ﬁtted the closed time histogram with a quadruple
exponential function. By comparing these two histo-
grams at two ATP concentrations, we tentatively con-
clude that among these four closed time constants,
those two short ones are ATP independent, whereas
the long ones are ATP dependent (also see Fig. 6 C).
If assigning the long closed time constants as ATP de-
pendent is correct, by isolating these ATP-dependent
closed events with the use of a proper cutoff value, one
should be able to reproduce the three types of opening
bursts revealed by macroscopic relaxation analysis (Fig.
3 B). We chose 500 ms as the cutoff value since it is at the
nadir of those two distributions for intermediate and
long closed times (Fig. 6 A, arrowhead). The resulting
open time histogram can be ﬁtted with a triple exponen-
tial function, yielding the open time constants of 330
ms, 6.2 s, and 108 s (Fig. 6 D). The open time histogram
for the recording at 3  M ATP was not further analyzed
because no corresponding macroscopic relaxation ex-
periments were performed for comparison (Fig. 6 E).
Figure 6. Single-channel
dwell time analysis of  R/
E1371S-CFTR. (A) Events
from two single-channel re-
cordings ( 50 min each)
were pooled together to
construct this closed time
histogram. The closed time
distribution for data obtained
at 10  M ATP can be ﬁtted
with a quadruple exponential
function. No cutoff was used
for the construction of this
histogram. The arrow marks
the cutoff (500 ms) used to
deﬁne the minimum of the
ATP-dependent closed times
used for the open time analy-
sis in D. (B) The closed time
distribution for data obtained
at 3  M ATP and ﬁtting pa-
rameters. (C) Events from
two recordings of single
channels in the presence
of 1 mM ATP were pooled
together to construct this
closed time histogram ( 100
min of recording). The
closed time distribution can
be ﬁtted with a triple expo-
nential function. No cutoff was used for the construction of this histogram. The arrow marks the cutoff used to construct the open time
histogram shown in F. (D) The open time histogram for data obtained at 10  M ATP shows the presence of three distinct burst lengths: a
brief opening of 330 ms, an intermediate burst of 6 s (most of the events), and very few lock-open bursts with a time constant of  100 s.
(E) The open time histogram for the recording at 3  M ATP. (F) The open time histogram shows that most of the events are long-lived
locked-open bursts ( 50%).385 Bompadre et al.
Nevertheless, compared with the histogram shown in
Fig. 6 D, the open time distribution at 3  M ATP in gen-
eral is shifted to the left, indicating a predominance of
shorter events. The values of these three open time con-
stants obtained at 10  M ATP correspond well with the
three relaxation time courses shown in Fig. 3 B. The rel-
ative proportion of these three components (97% of the
events belong to the two shorter openings and 3% for
the long lasting events) also reasonably ﬁts the results
predicted from the macroscopic relaxation analysis. We
thus conclude that at 10  M ATP, there are at least three
open states (a brief open state, OB, a short locked-open
state, LOS, and a long locked-open state, LOL).
We then analyzed the 1 mM ATP data in the same way.
Even with an overall recording of  100 min in dura-
tion, the closed time histogram was dominated by short
closed events with very few long closings. Nevertheless,
the histogram can be better ﬁtted with a triple exponen-
tial function. In addition to the very brief ﬂickery clos-
ings, we also observe intermediate closed events with a
time constant close to 100 ms, and a longer closed time
of  500 ms (Fig. 6 C). Compared with the closed time
histograms from recordings with 10  M (Fig. 6 A) or 3
 M ATP (Fig. 6 B), it appears that the two shorter
closed time constants remain little affected with an in-
crease of [ATP], again supporting the notion that these
two short-lived closed states are ATP independent.
It is very difﬁcult to choose a proper cutoff to analyze
the open time because there are very few ATP-depen-
dent closed events and they somewhat overlap with the
ATP-independent ones. We used the same cutoff time
of 500 ms to construct the open time histogram (Fig. 6
F). Since the channel is locked open most of the time,
the number of events is not large enough for a more
rigorous quantitative analysis even with  100 min of sin-
gle-channel recording. Nevertheless, the distribution
appears to have three components with roughly similar
time constants as those obtained at 10  M ATP (com-
pare Fig. 6 D). Yet, the proportion of these three open
events is very different from that at 10  M ATP. While,
at 10  M ATP, most of the locked-open state is of the
short one (LOS), at 1 mM ATP, the longer locked-open
state (LOL) contributes  50% of the events. This result
shows that an increase in [ATP] shifts the relative distri-
bution of these two locked-open states, supporting the
idea that occupancy of an ATP binding site stabilizes
the locked-open state. It should be noted that, even dis-
regarding the ﬁtted curves, we can still visualize a right-
ward shift of the open time distribution at 1 mM ATP
(Fig. 6, compare D and E).
To further elaborate the kinetic mechanism of the
two locked-open states (LOS and LOL), we analyzed
dwell-time distributions within the locked-open bursts
that were collected at 10  M ATP. We used 50 s as the
cutoff value to differentiate these two locked-open
states. Both types of bursts show similar features. There
are two types of closings within the burst, the ﬂickers
(CF closed state) with a characteristic time constant of
20–30 ms, and longer closings (CL closed state) with a
time constant of  100 ms (Fig. 7, A and C). Although
Figure 7. Intraburst kinetic
analysis. Locked-open bursts
were divided into two catego-
ries: short-lived locked-open
events (1–50 s in length) and
long-lived locked-open events
( 50 s). Both types of bursts
show similar characteristics.
The closed dwell time histo-
grams (A and C) show two
components: the ﬂickers (20–
30 ms) and a relatively longer
closing ( 100 ms). Once
the ﬂickering closures are re-
moved by using a 50-ms cut-
off, the open times within
the  locked-open bursts are
very similar, irrespective of
the locked-open duration (B
and D).386 CFTR Gating and Nucleotide Binding
the physical meaning of the longer closings (CL closed
state) within a locked-open burst is unclear, the ﬂickery
closings (CF closed state) are likely due to a blockade of
the channel (Zhou et al., 2001). To obtain the transi-
tion rates in and out of the CL closed state, we used 50
ms as a cutoff to analyze the open time distributions
within the short and long locked-open bursts. The re-
sulting open time constants are not very different for
both types of bursts (Fig. 7, B and D).
ATP Concentration Dependence of E1371S-CFTR 
Current Relaxations
Before we attempt to specify to which NBD ATP binds
to affect the stability of the open state, we need to be
sure that the [ATP] dependence of the open state sta-
bility is not solely due to deletion of the R domain. We
therefore characterized the current relaxation for the
E1371S mutation in the WT background. Fig. 8 A shows
a continuous current trace in response to 10  M and 1
mM ATP. PKA is added in the solution to ensure ade-
quate phosphorylation. Unlike  R/E1371S-CFTR, the
E1371S mutants in the WT background express very
well. Most of our patches yield tens or hundreds of pA
currents, which allow better curve ﬁtting for ensemble
macroscopic currents.
Current relaxations upon removal of 1 mM ATP can
be better ﬁtted with a double exponential function with
relaxation time constants of 149.30   0.02 s (69%) and
29.59   0.02 s (31%). At 10  M ATP concentration, the
current decay also follows a double exponential time
course. Although the values of resulting time constants
107.53   0.08 s (29%) and 26.32   0.01 s (71%) are
similar to those obtained at 1 mM ATP, the relative
proportion of these two components is very different.
These results again suggest that increasing [ATP] shifts
the distribution of two locked-open states. We would
like to point out that the relaxation curve obtained for
the  R/E1371S mutant (Fig. 2 B) shows only one expo-
nential decay (    100 s) at 1 mM. This discrepancy is
likely due to the fact that the absolute amplitude of en-
Figure 8. Macroscopic current
relaxation of E1371S-CFTR cur-
rents. (A) Sample trace of current
relaxations for E1371S-CFTR
channels activated with 10  M
ATP   PKA, or with 1 mM ATP  
PKA. (B) Normalized ensem-
ble current relaxations upon
removal of 1 mM ATP (from 12
patches) or 10  M ATP (from 9
patches). The 1 mM ATP relax-
ation curve can be ﬁtted with
a double exponential function
(red curve) with time constants
of 149.3   0.02 s (69%) and
29.59   0.02 s (31%). The 10  M
ATP curve can be ﬁtted also with
a double exponential function
(blue curve) with time constants
of 107.53   0.08 s (29%), and
26.32   0.01 s (71%).387 Bompadre et al.
semble current for  R/E1371S-CFTR, even with pool-
ing of 47 patches, is still much smaller ( 85 pA) than
the macroscopic currents obtained with the E1371S mu-
tant in the WT background ( 580 pA). Therefore, the
minor fast component of the exponential decay is difﬁ-
cult to resolve in the  R/E1371S-CFTR.
When performing the relaxation experiments in
E1371S-CFTR channels, after several minutes of wash-
out, we can still observe a single channel that remains
open (Fig. 9). Within this long burst after ATP is re-
moved, we can distinguish the brief ﬂickery closings
and also some slightly longer closings, similar to those
with the intermediate closed time constant described
above (Fig. 6). We pooled four single-channel locked-
open bursts (the last channel still open in the relax-
ation experiments) and analyzed the closed time distri-
bution within the burst. We found that there are two
characteristic closed events with time constants of  20
and  80 ms, both very similar to the values described
above. Since these two closed events are observed in
the complete absence of ATP, we conclude that neither
of them is ATP dependent.
Current Relaxations of the K464A/E1371S Mutant
According to the most recent model (Scheme 2 in the
accompanying paper) for CFTR gating (Vergani et al.,
2003), NBD1 has little role in the gating transitions
since the off rate is extremely slow, and ATP binding at
NDB2 precedes channel opening. Our data showing
that ADP competitively inhibits CFTR opening (Fig. 6 in
Figure 9. Kinetic analysis of the last E1371S-CFTR channel that remains open after removal of ATP. (A) Sample trace of the current
relaxation of E1371S-CFTR channels upon ATP washout. The inset shows the expanded trace of the last channel that remains open. Note
the presence of poorly resolved ﬂickers and several long closings that last for hundreds of milliseconds. (B) Data from four patches were
pooled together to construct the closed time histogram.388 CFTR Gating and Nucleotide Binding
Bompadre et al., 2005) can be explained if ADP binds at
NBD2 to serve this role. However, if ADP binding at
NBD2 prevents channel opening, it would be difﬁcult to
envision that ADP binds to the same site to affect the
stability of the open state. In addition, Vergani’s model
predicts that the open time should not depend on ei-
ther [ATP] or the presence of ADP. Clearly, this is not
the case. To explain our data we should consider the
possibility that the occupancy of ATP at NBD1 affects
the stability of the open state. This hypothesis could ac-
count for both the ADP effect on the open time and
[ATP]-dependent shift of the distribution of the two
locked-open states (see discussion for details).
Since the locked-open time is much shorter when
ADP is bound than that with ATP bound, we speculate
that the binding energy of ATP (or ADP) contributes to
the overall energetics of the locked-open state confor-
mation. This hypothesis predicts that a mutation at
Figure 10. The K464A muta-
tion  shortens the locked-open
time of E1371S-CFTR. (A) Sam-
ple trace of K464A/E1371S-
CFTR channels in the presence
of 1 mM ATP   PKA. Note that
the relaxation upon nucleotide
washout is very fast. (B) Ensemble
macroscopic currents were gen-
erated from 18 patches. The
macroscopic current has a relax-
ation time constant of 19.60  
0.01 s (red curve). (C) Sample
trace of K464A/E1371S-CFTR
channels in the presence of 10
 M ATP (blue curve). The inset
shows the presence of numerous
brief openings (from 42 to 650
ms). Note also the presence of
longer openings (*, 9 s).389 Bompadre et al.
NBD1 that lowers the binding strength of ATP will have
a shorter locked-open time. The crystal structure of
CFTR’s NBD1 reveals that the Walker A lysine, K464,
coordinates the  - and  -phosphates of the bound ATP
(Lewis et al., 2004). Mutation of this lysine has been
shown to lower the ATP binding afﬁnity at NBD1
(Basso et al., 2003). Since the K464 mutation has a mild
trafﬁcking defect (Cheng et al., 1990; unpublished
data), and  R-CFTR already suffers from low expres-
sion, we decided to make the K464A/E1371S double
mutant construct in the WT background.
Relaxation experiments were performed in excised in-
side-out patches as shown in Fig. 10 A. The current decay
of the K464A/E1371S-CFTR channel currents is indeed
faster than that of E1371S-CFTR, resulting in a shorter
relaxation time constant (19.60   0.01 s) upon washout
of 1 mM ATP (Fig. 10 B). This relaxation time constant
is even shorter when the K464A/E1371S-CFTR channel
is opened with 10  M ATP (13.95   0.02 s). Since the
number of K464A/E1371S-CFTR channels is relatively
low due to a moderate trafﬁcking defect, it is easier to
observe microscopic channel behavior at 10  M ATP
(Fig. 10 C). As shown previously for  R/E1371S-CFTR
(Fig. 5), the current trace reveals that K464A/E1371S-
CFTR channels also exhibit numerous brief openings
that last for tens to hundreds of milliseconds in the pres-
ence of 10  M ATP. Thus, these brief openings for a mu-
tant CFTR with defective ATP hydrolysis are not due to
Figure 11. Kinetic analysis
of the spontaneous openings
in the absence of ATP. (A)
A representative  R/E1371S-
CFTR current trace from an
excised inside-out patch ex-
posed to ATP-free solution
for several minutes before 1
mM ATP was applied. (B) Sim-
ilar  experiment as described
in A, but with  R-CFTR
channels. The open times of
these spontaneous openings
from several patches contain-
ing  R/E1371S-CFTR (C) or
 R-CFTR (D) were pooled
together to construct survivor
plots.390 CFTR Gating and Nucleotide Binding
the removal of the R domain, but are true characteristics
of the hydrolysis-deﬁcient mutant CFTR.
Characterization of the Brief Openings
In the presence of micromolar ATP, we observed the
occurrence of numerous brief openings. To decide
whether these openings are ATP dependent, we ﬁrst
quantitatively estimate the kinetics of spontaneously
opened channel in the complete absence of ATP.
We chose the  R background because of its resistance
to rundown. The fact that removal of the R domain ren-
ders the channel phosphorylation independent also
helps to avoid a potential technical problem of ATP
contamination in the recording system. Excised inside-
out patches from cells expressing  R/E1371S-CFTR
channels were exposed to ATP-free perfusion solution
for  5 min to determine the opening rate of spontane-
ous opening events. The patches were then exposed
to 1 mM ATP to determine the number of channels
present. Fig. 11 A shows a representative experiment.
Although this patch contains many channels, there are
only  20 opening events in the  5-min period without
ATP. The calculated opening rate is 0.005 s 1. We used
survival plot analysis to obtain the mean open time for
these spontaneous opening events. The distribution can
be ﬁtted well with a single exponential function with a
mean open time of  430   19 ms (Fig. 11 C). We re-
peated the same experiment with  R-CFTR channels
(Fig. 11 B). We measured the open time of the sponta-
neous openings from six patches and constructed a sur-
vivor plot to obtain the mean open time. Note that de-
spite 38 min of recording, the number of events is still
very small. A ﬁt with an exponential function gives a
mean open time of 485   24 ms (Fig. 11 D). The calcu-
lated spontaneous opening rate is 0.006 s 1. Thus,
mutating the E1371 residue has little effect on the spon-
taneous opening rate. Although the E1371S mutation
increases the lifetime of ATP-opened channel by  100-
fold, it only minimally affects the open time constant for
these spontaneous opening events.
Despite the similarity between these open time con-
stants for the spontaneous openings and the brief open
time constant for the  R/E1371S-CFTR in the pres-
ence of 10  M ATP (Fig. 6 D), it is doubtful that the ob-
served events at 10  M ATP solely come from spontane-
ous openings because they appear more frequently
than the spontaneous openings. We then quantify the
kinetic step to the brief opening events using the  R/
E1371S-CFTR data in the presence of 10  M ATP. We
measured the closed time preceding all openings  300
ms and constructed a prebursting closed time histo-
gram. This histogram was ﬁtted with an exponential
function resulting in a time constant of 6.6 s, represent-
ing the average closed time before a brief opening.
This closed time constant corresponds to an opening
rate of 0.17 s 1, a number over 30 times higher than
the one obtained for the spontaneous openings. This
observation strongly supports the notion that a signiﬁ-
cant fraction of the brief openings are induced by ATP.
DISCUSSION
Macroscopic and Microscopic Kinetic Analyses of CFTR Gating
Two different assays, single-channel dwell-time analysis
and macroscopic current relaxations, have been used
throughout this work in order to understand how nu-
cleotide binding/hydrolysis controls CFTR gating. We
are especially interested in how nucleotide binding af-
fects the stability of the open state. These two tech-
niques complement each other very well. Some discus-
sions about the pros and cons of each method are war-
ranted before we elaborate the kinetic and structural
signiﬁcance of our results.
We used macroscopic current relaxation upon nucle-
otide removal to quantify the locked-open times for
E1371S mutant CFTR. Although our solution change
has a deadtime of  3 s, most of the relaxation time con-
stants for this mutant can be measured accurately be-
cause of the long locked-open time on the order of tens
to hundreds of seconds. The measured relaxation time
constants reﬂect only the closing rate of the locked-
open channel since, in the absence of ATP, the channel
seldom opens, and even when it opens, it does not so-
journ to the locked-open state (Fig. 11). Multiple com-
ponents of the current relaxation represent the pres-
ence of multiple locked-open states. The most attractive
feature of this type of analysis is that no model or artiﬁ-
cial cutoffs need to be set. The raw data are ﬁtted with
no a priori assumptions. The main disadvantage is that
this approach requires very large currents, especially
when trying to discern multiple relaxation time con-
stants that differ by less than an order of magnitude.
Macroscopic current relaxations were also used to
demonstrate the existence of a second locked-open
state in the presence of ADP. From single-channel anal-
ysis, all we could observe was a shortening of the mean
open time for  R- (Bompadre et al., 2005) or  R/
D1370N-CFTR (Fig. 1). In contrast, the macroscopic
current relaxation of  R/E1371S-CFTR clearly shows
the presence of two components in the relaxation
once the channels are opened by ATP plus ADP (Fig.
2), strongly suggesting the presence of two different
locked-open states. Furthermore, the relaxation of
E1371S-CFTR channel currents in the presence of dif-
ferent ATP concentrations reveals the presence of
two locked-open states, and an [ATP]-dependent shift
in the distribution of each state (conﬁrmed by  R/
E1371S single-channel data). These results, without as-
suming any kinetic model, indicate that nucleotide
binding affects the stability of the locked-open state.391 Bompadre et al.
Perhaps because of a much smaller current ampli-
tude, we did not resolve two relaxation time constants in
the presence of 1 mM ATP for  R/E1371S-CFTR chan-
nels. If we accept the fact that multiple locked-open
states do exist for  R/E1371S mutants at 1 mM ATP as
shown by the single-channel analysis (Fig. 6), how can
we ascertain that ADP induces another locked-open
state rather than simply increases the relative occupancy
of the short-lived locked-open state? In theory, we can-
not differentiate these two possibilities unless a triple
exponential current decay is observed with the presence
of ADP. As long as the lifetime of the ADP-bound
locked-open state is not very different from the short
locked-open state, it will be very difﬁcult, if not impossi-
ble, to dissect these two time constants. It should be
noted that the fraction of short-lived locked-open state
(LOS) is small at 1 mM ATP ( 30%, Figs. 6 and 8). Nev-
ertheless, in the presence of ADP, the short-lived com-
ponent upon current relaxation is responsible for 50%
of the entire current relaxation, indicating that binding
of ADP does affect the lifetime of the locked-open state.
Microscopic kinetic analysis, on the other hand, of-
fers the advantage that individual opening and closing
events can be analyzed over a long period of time to ex-
tract individual time constants. Unfortunately, the gat-
ing of CFTR channels is slow, and for hydrolysis-deﬁ-
cient mutants, it is even slower. Thus, very long record-
ings are needed to collect enough number of events
to perform rigorous kinetic analysis. Although the  R
construct provides a unique advantage of being de-
phosphorylation resistant, pooling data from different
patches is still an inevitable solution. Cutoffs or prede-
termined gating models need to be used while analyz-
ing the data, especially for recordings from patches
containing multiple channels. The imperfect solution
of assuming a gating model for data analysis (e.g.,
Csanády, 2000) probably explains why the effects of
ADP on the open time constant are not detected in
multichannel analysis (Fig. 7 C in Bompadre et al.,
2005). Another technical hurdle for single-channel ki-
netic analysis is the small conductance of CFTR. Heavy
ﬁltering of the data is often necessary to secure a rea-
sonable signal/noise ratio. Although this has not been
a problem for quantifying ATP-dependent gating since
the relevant events are on the order of hundreds of mil-
liseconds to seconds, heavy ﬁltering inevitably results in
a poor resolution of the brief ATP-independent events.
By collecting single-channel events from several patches
containing  R-CFTR, we observed the effect of ADP on
the mean open time (Fig. 8 in Bompadre et al., 2005).
Using similar dwell time analysis, we were able to detect
multiple components in open time histograms (Fig. 6)
for   R/E1371S mutants. An ATP-dependent shift of
the distribution of these openings corroborates with
the results of macroscopic current relaxations. There-
fore, despite all the limitations discussed above, inte-
grating both macroscopic and microscopic analyses of
our data, we reach an unremitting conclusion that nu-
cleotide binding affects the relative distribution of dif-
ferent (locked) open states.
Multiple Open States
The results presented in the current study indicate the
presence of multiple open states. The distribution of
these opens states changes as [ATP] is changed. The
[ATP]-dependent shift of the distribution of two locked-
open states can be better explained by the idea, as pro-
posed above, that ATP binding at NBD1 affects the sta-
bility of the locked-open state. As [ATP] is increased, the
fraction of channels with NBD1 occupied by ATP will in-
crease. We propose that channels with both NBDs occu-
pied with ATP will exhibit a longer locked-open time
than the singly occupied channels to explain how chang-
ing [ATP] shifts the distribution of these two different
locked-open states. This same idea can also explain
ADP’s effects on the current relaxation of  R/E1371S
mutants (Fig. 2). If the locked-open state with ADP bind-
ing at NBD1 is less stable than in the case of ATP bind-
ing, we will then expect the presence of a shorter locked-
open time with ADP. Although we were not able to
resolve two open time constants for  R-CFTR in the
presence of ADP (Fig. 8 in Bompadre et al., 2005), it
seems reasonable to speculate that the same mechanism
may apply in WT-CFTR when ATP hydrolysis is intact.
In addition to two locked-open states, single-channel
recordings also show a brief opening that lasts for  300
ms. A similar short-lived open state was reported previ-
ously for K1250A-CFTR ( o    250 ms), another hy-
drolysis-deﬁcient mutant (Zeltwanger et al., 1999). Ver-
gani et al. (2003) proposed that this unstable open
state represents spontaneous opening in the absence of
ATP. Indeed, the mean lifetime of the spontaneous
openings for  R/E1371S is  400 ms. However, at 10
 M ATP, the frequency of these short-lived events is
higher than in the absence of ATP. ATP binding at
NBD(s) must also contribute to the appearance of
these events in the presence of 10  M ATP.
Distinct Roles of NBDs in CFTR Gating
Although the data shown in the current report were
mostly obtained from studies of CFTR mutants, we will
extend these results to get a glimpse of how normal gat-
ing occurs. First, we propose that ATP binding at NBD2
plays a major role in channel opening. This idea is based
on the observation that mutating the Walker A lysine,
K464, at NBD1 does not affect the opening rate (Powe et
al., 2002), although this residue is involved in coordinat-
ing bound ATP (Lewis et al., 2004) and the same muta-
tion lowers the ATP binding afﬁnity at NBD1 (Basso et
al., 2003). Second, hydrolysis of bound ATP at NBD2 and392 CFTR Gating and Nucleotide Binding
subsequent dissociation of ADP and Pi drives channel
closing. This idea is supported by the demonstration that
WT CFTR gating shows kinetics that demands an input
of free energy (Zeltwanger et al., 1999). Furthermore,
mutations that abolish ATP hydrolysis (e.g., K1250A and
E1371S) dramatically prolong the open state (Gunder-
son and Kopito, 1995; Zeltwanger et al., 1999; Powe et
al., 2002; Vergani et al., 2003). Third, ligand binding at
NBD1 can modulate the stability of the open state. Powe
et al. (2002) showed that the K464A mutation shortens
the open time by 40% at high [ATP]. Interestingly, intro-
ducing the K464A mutations into the K1250A construct
signiﬁcantly decreases the locked-open time (Powe et al.,
2002; Vergani et al., 2003). An equivalent observation is
also made in the current report for K464A/E1371S mu-
tants. Fourth, contrary to the model proposed by Ver-
gani et al. (2003), ATP binding at NBD1 is not required
for channel opening. The fact that the channel can
open in the complete absence of ATP already indicates
that ATP binding at neither NBD is absolutely required
for channel opening. As mentioned above, Powe et al.
(2002) showed that the K464A mutant exhibits a normal
opening rate despite a lower ATP binding afﬁnity at
NBD1 for this mutant. Furthermore, we interpret the
[ATP]-dependent shift of the distribution of two locked-
open states by proposing that the occupancy of NBD1 af-
fects the stability of the locked-open state. Therefore, the
shorter locked-open time represents an open state with
ATP bound at NBD2 while NBD1 is vacant.
Structural Implications
Crystal structures of bacterial NBDs (e.g., Smith et al.,
2002; Chen et al., 2003) show a head-to-tail dimeric
conﬁguration. The two ATP-binding sites are buried at
the dimer interface. The bound ligands as well as sev-
eral amino acid residues participating in nucleotide
interactions are intimately involved in forming a sta-
ble dimer. The dimer structure not only explains nu-
merous biochemical data (e.g., Fetsch and Davidson,
2003), but also places the signature motif (LSGGQ)
that deﬁnes the ABC transporter family at the dimer in-
terface actively involved in interactions with ATP. Im-
portantly, this head-to-tail conﬁguration of NBD dimers
corroborates with the holoenzyme structure of Esche-
richia coli BtuCD protein (Locher et al., 2002).
Although so far there is no structural evidence that
equivalent dimerization of CFTR’s NBDs occurs during
gating transitions, we have proposed that the open state
of the channel may be associated with a dimerized con-
ﬁguration of NBDs (Powe et al., 2002). This hypothesis
is based on the observation that mutations that affect
ATP binding at NBD1 (e.g., K464A) alter the stability of
the open state of K1250A, suggesting an interaction be-
tween two ATP-binding sites. An NBD1–NBD2 dimer
with two ATP binding pockets sandwiched at the dimer
interface seems a reasonable model to explain this re-
sult. Taking one step further, Vergani et al. (2003) pro-
posed a strict coupling of NBD dimerization/dissocia-
tion to channel opening and closing. More recently,
using mutant cycle analysis, Vergani et al. (2005) pro-
vided evidence for a direct interaction between R555
(in NBD1) and T1246 (in NBD2) in the open state.
This new result strongly supports the idea that an
NBD1–NBD2 dimer is associated with the open state.
In light of these new ﬁndings, we feel compelled
to make several structural implications of our results.
First, in all the dimer structures published so far, there
are extensive hydrogen bonds and van der Waals inter-
actions between ATP and Walker A and B sequences in
one subunit, and between ATP and the LSGGQ motif
in the other subunit (Smith et al., 2002; Chen et al.,
2003). These extensive binding forces suggest that the
dimer is an energetically stable state. Thus, it seems rea-
sonable to propose that ATP binding elicits a large de-
gree of molecular motion that involves closing of the
dimer interface and that only hydrolysis of bound ATP
could provide sufﬁcient energy to destabilize the dimer
(Hopfner et al., 2000; Smith et al., 2002). Indeed, the
hydrolysis-deﬁcient mutant, e.g., E1371S-CFTR, can as-
sume a locked-open state for minutes, whereas WT
channels only open for hundreds of milliseconds.
Second, once the dimer forms in the presence of
high [ATP], two ATP molecules are sandwiched at the
dimer interface (Smith et al., 2002; Chen et al., 2003).
Thus, the binding energy of the ligand should contrib-
ute signiﬁcantly to the overall energy of the dimer.
Weakening the binding energy is expected to shorten
the lifetime of the dimer. This can be achieved by using
a smaller ligand, such as ADP, by keeping the binding
site empty (e.g., at low [ATP]), or by mutating the bind-
ing partner in the NBD. In the current report, we show
that the locked-open time of the E1371S mutant can be
signiﬁcantly shortened by all three maneuvers.
Third, in the absence of ATP, the spontaneous open-
ing rate for our  R constructs is  0.006 s 1, and the
mean lifetime of these spontaneous opening events is
 400 ms. If the spontaneous openings reﬂect an ATP-
independent dimerization reaction, then these kinetic
parameters may explain why the dimer is not detected
biochemically in the absence of ATP (Moody et al.,
2002). Furthermore, from the energetic point of view,
the absence of ligands at the dimer interface may
also explain the short-lived openings observed for  R/
E1371S-CFTR in the absence of ATP.
Unsettled Issues
One of the unsettled issues is the mechanism of short-
lived openings of  R/E1371S-CFTR that appear fre-
quently in the presence of micromolar ATP. Admit-
tedly, some of these events are due to spontaneous,393 Bompadre et al.
ATP-independent openings. However, the opening rate
to these brief openings in the presence of 10  M ATP,
 0.17 s 1, is much larger than the spontaneous open-
ing rate ( 0.006 s 1), suggesting that most of them are
ATP dependent. We do not know to which NBDs ATP
binds to increase the opening rate to this short-lived
state. However, the extensive molecular interactions at
the dimer interface suggest that the actual dimerization
reaction takes multiple steps. Then, this short-lived open
state could represent a transitional unstable dimer be-
fore an energetically stable dimer is formed. Perhaps
ATP binding to either NBD or even both NBDs will in-
crease the rate toward this state.
Although we proposed that ATP binding at NBD2
plays a critical role in channel opening (see above),
this idea is based more on default since we observed
that the K464A mutation, which decreases ATP binding
afﬁnity at NBD1 (Basso et al., 2003), does not affect the
opening rate (Powe et al., 2002). While we did observe
a decrease of the opening rate by the K1250A mutation
(Powe et al., 2002; cf. Vergani et al., 2003), this muta-
tion at NBD2 likely affects both ATP binding and hy-
drolysis. To establish the role of ATP binding at NBD2
in controlling channel opening, future experiments
need to identify amino acid residues, mutations of
which only affect the ATP binding step.
Our demonstration of the presence of multiple open
states already suggests that opening and closing of the
CFTR channel is more complicated than a simple asso-
ciation/dissociation of NBD dimer. The presence of
ATP-independent closed state further compounds the
picture. By examining single-channel kinetics within a
locked-open event, we observed an unexpected closed
state with a mean lifetime of  100 ms (Fig. 9). This
closed state is at least threefold more stable than the
voltage-dependent ﬂickery closings (Zhou et al., 2001).
The lifetime of this novel closed state is not voltage de-
pendent (unpublished data) and these closings are
present even after ATP is completely removed, suggest-
ing that they are ATP independent. If a locked-open
state represents a tight dimer conﬁguration as pro-
posed by Vergani et al. (2005), the presence of numer-
ous transitions in and out of this ATP-independent
closed state within a locked-open event indicates that
the physical gate of CFTR can still open and close when
a stable dimer is formed. This apparently violates the
strict coupling hypothesis (Vergani et al. 2003). On the
other hand, if the strict coupling hypothesis is correct,
this closed state may represent a transitional, partially
separated dimer where ATP remains bound. In this lat-
ter scenario, the NBD dimer more likely assumes a dy-
namic and unexpectedly ﬂexible structure.
Single-channel kinetic analysis of the  R/E1371S-
CFTR mutant also revealed two ATP-dependent closed
states (Fig. 6, A and B). If our hypothesis that both
NBDs are involved in CFTR gating is correct, as a mini-
mum, two different conﬁgurations of the ATP-binding
sites should exist: one with both sites vacant and the
other with one site occupied. Since at least one of the
ATP-binding sites is vacant in these two states, by deﬁni-
tion, their lifetimes have to be ATP dependent. At milli-
molar [ATP], however, we only observe one long closed
time constant probably because the channel has one of
the binding sites (likely NBD1) occupied most of the
time, and therefore, once the channel closes, the open-
ing is initiated by ATP binding at NBD2. This latter,
more restricted, scenario is actually very close to the
model proposed by Vergani et al. (2003). Considering
the difﬁculty of kinetically dissecting different ATP-
dependent closed states, we are currently seeking inde-
pendent methods to verify the existence of these states.
Our kinetic analyses and structural interpretations
were all based on studies of hydrolysis-deﬁcient mutant
CFTR. Abolition of the ATPase activity by mutagenesis
provides the advantage that CFTR can now be treated
as a classical ligand-gated channel. If ATP hydrolysis
dominates the closing transition for WT-CFTR gating,
as described above, some of the closed states revealed
in the current studies may not be discerned. Future
studies of WT-CFTR gating at lower temperatures may
conﬁrm some of our ﬁndings. In this regard, the  R-
CFTR construct used in the current study could again
be very valuable.
A difference in closing transitions between WT and
hydrolysis-deﬁcient mutant CFTR may also explain the
conundrum that ADP exerts a much larger effect on
the locked-open time of  R/E1371S channels than on
the open time of the  R channels. A much larger free
energy is involved when ATP hydrolysis is used to close
the channel. Thus the binding energy of nucleotide at
NBD1 is relative small compared with the energy re-
leased from ATP hydrolysis. On the other hand, in
E1371S-CFTR whose hydrolysis is abolished, thermoen-
ergy is used for channel closing. Then the binding en-
ergy of nucleotide at NBD1 plays a more important role
in deciding the rate of channel closing.
Conclusive Remarks
The most important conclusion from this study is that
the gating of CFTR is more complicated than previ-
ously believed because we have demonstrated multiple
open states and multiple closed states, both of which
are affected by occupancy of nucleotides at each NBD.
In view of this complexity, it is perhaps advisable to
study CFTR gating from a reductionist point of view. It
may be more fruitful in the near future to focus on
quantifying limited kinetic steps rather than on elabo-
rating a complete gating scheme.
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